Three QIAG93 strains, QIAG9301, QIAG9302 and QIAG9303 that have been identified as Getah virus (GETV) are analyzed in this study. The morphological features of three virus isolates were observed by using electron microscopy, suggesting that the QIAG9301, QIAG9302 and QIAG9303 isolate can be classified as tentative member of Alphavirus species in the Semliki Forest complex. The full length of the structural polyprotein gene of each QIAG93 isolate (QIAG9301, QIAG9302 and QIAG9303) was determined that are identical in size, comprising 3759 nucleotides that encoded 1253 amino acids. The sequence analysis of the structural polyprotein gene, including the C, E3, E1, 6K and E2 domain, showed that each QIAG93 isolate shares >98.9% sequence identity. The phylogenetic analysis and evolutionary distance (ED) estimation based on the structural polyprotein gene sequence showed that the QIAG9301 isolate is closely related to GETV South Korea strain (99.9% sequence identity and ED value 0.001) and Chinese GETV YN0540 strain (99.3% sequence identity ED value 0.007) than other Alphavirus species analyzed in this study. Both QIAG9032 and QIAG9303 isolate exhibited genetically close relationship with Mongolian GETV LEIV17741MPR strain (at least 99.3% sequence identity and mean ED value 0.0065). Therefore, our findings will be valuable for molecular epidemiological analyses of GETV in Korea and contribute to a further study on pathogenicity of three QIAG93 isolates in animals.
INTRODUCTION
Getah virus (GETV) is an Alphavirus (formerly, group A arthropod-borne virus) that was isolated for the first time in 1955 from mosquitoes (Culex gelidus) in Malaysia (1, 2) . GETV has since been frequently isolated from mosquitoes in several countries (3) . GETV infection has been found in many species of vertebrates (4) and is particularly known as a pathogen of horse and pig. GETV infection of horse is a mild, self-limiting illness characterized by fever, hind-limb edema and stiffness (5~8). A few cases of fetal death have been reported following natural or experimental infection of pigs. Other clinical signs reported in experimentally infected pigs include transient fever, anorexia and mild depression and diarrhea (9, 10) . In humans, although neutralizing antibodies have been identified, GETV infection is considered subclinical (11) .
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Based upon serologic criteria, GETV is classified into the Semliki Forest antigenic complex of the genus Alphavirus in the family Togaviridae (12) . The Semliki Forest complex includes Ross River (RRV), Sagiyama (SAGV), Semliki Forest, Middleburg, Chikungunya (CHIKV), Barmah Forest, Getah, Bebaru, Mayaro, Una, and O'nyong-nyong viruses (13) . Among them, the closet phylogenic relatives of GETV are RRV and SAGV (14, 15) . Serological evidence suggests that GETV is widely distributed from Eurasia to Australasia (16~20). To date, 31 strains of GETV have been isolated worldwide, and their genetic information has been collected and annotated by several web sites such as the Virus Pathogen Resource (ViPR; http://www.viprbrc.org). In addition, their nucleotide sequences, including 8 complete genome sequences, 15 E2 sequences, and 13 partial nsP1 sequences, have been deposited in GenBank (21) .
The Alphavirus genome comprises a linear, positive-sense, single-stranded RNA approximately 11 kb in length. The genome is composed of a 5' terminal cap, four nonstructural protein genes (nsP1 to nsP4), five structural protein genes (C, E3, E2, 6K and E1 protein), and a 3' poly A tail (22) .
Virus replication occurs within the cytoplasm and virions are formed by budding of nucleocapsids through the plasma membrane, in which the virus-encoded envelope glycoproteins E2 and E1 are embedded. These two glycoproteins are the targets of numerous serologic reactions and tests, including neutralization and hemagglutination inhibition.
Based upon antigenic cross-reactivities, Alphaviruses can be classified into eight complexes (23) . In addition, these cross-reactivities reflect the level of conservation of amino acid sequences in structural proteins, including the capsid protein and E1 glycoprotein, while antibodies directed against the E2 glycoprotein are virus-specific because it contains the neutralizing epitopes.
GETV is maintained in nature by means of a zoonotic transmission cycle involving nonhuman primate/vertebrate hosts and primary arthropod vectors (2) . Mosquitoes (mainly Culex and Aedes species) are the most important arthropod vectors of GETV infection. Pigs and horses act mainly as amplifying hosts for GETV in this cycle (24, 25) . A recent sero-surveillance study in Korea reported GETV seropositivity rates in Thoroughbred horses of 12.4% and 12.2% in 2013 and 2014, respectively (26) . These rates were significantly lower than those of horses in 1986 (41.5%). These findings suggest that natural GETV infection is occurring in Korea, despite the fact that the incidence of GETV in horses has gradually decreased due to an aggressive mosquito eradication program. Therefore, rapid identification and accurate characterization of GETV are needed for ongoing surveillance and development of an effective vaccine.
The QIAG9301, QIAG9302 and QIAG9303 isolates analyzed in this study were first identified in 1993 from blood samples of pigs raised in Gyeongnam and Jeonnam Provinces, South Korea. They were subsequently identified as GETVs based on serological cross-reactivity. However, these viruses had not been extensively characterized. In the present study, the morphology and morphogenesis of the QIAG93 isolates after infection of Vero cells were characterized using electron microscopy. In addition, to increase our understanding of the evolutionary history and mechanisms of viral emergence, nucleotide sequence analyses of the structural polyprotein gene of QIAG93 isolates were performed, and phylogenetic trees constructed using the sequence data obtained. 
MATERIALS AND METHODS

Viruses and cells
Virus
Cell culture and viral infection
Viruses were propagated in Vero cells. In brief, confluent monolayers of cells were washed twice in phosphate-buffered saline (PBS; pH 7.2) and then inoculated with each QIAG93 isolate (QIAG9301, QIAG9302 and QIAG9303). One hour after being plated at 37℃ for viral infection, maintenance medium was added without removing the viral inoculum, and the cultures were incubated at 37℃ until a GETVspecific cytopathic effect (CPE) was observed. The cells were then disrupted by freeze-thawing three times, the culture fluid was centrifuged at 3,000 × g for 30 min to remove cell debris, and the released virus was harvested from clarified supernatants. The supernatant was stored at -70℃ until use.
Virus concentration and purification
Cells and cell debris were removed from the viral suspension by filtration using membrane filters of 0.2 μm pore size. Viruses were concentrated as described previously (27, 28) . Polyethylene glycol 8000 (PEG; Sigma-Aldrich) and NaCl were added to the viral suspension to final concentrations of 10 and 0.5 M, respectively. After incubation at 4℃ for at least 20 h, pellets were precipitated by centrifugation at 2,000 × g for 10 min. The white phase pellets containing crystallized viruses were re-suspended in GTNE buffer, pH 7.6, containing 200 mM Glycine, 100 mM Tris-Cl, 100 mM NaCl and 1 mM Ethylenediaminetetraacetic acid (EDTA).
The viruses were purified on a sucrose gradient, the sucrose solutions for which were produced using GTNE buffer. The re-suspended viruses were layered on a 20 to 60% (wt/wt) sucrose gradient and centrifuged at 100,000 × g for 2 h.
The bands were collected carefully, centrifuged at 2,000 × g for 10 min to clarify the virus, and then stored at -70℃ until use.
Electron microscopy
Vero cells were seeded onto a 25-cm 2 flask at a density sufficient for growth to result in monolayer formation (3 × Phylogenic analyses were conducted by the neighbor-joining method using MEGA version 5.05 (http://www.megasoftware.net/). The bootstrap method with 1,000 replicates was applied to determine the reliability of the inferred phylogenetic tree. Distance analyses were conducted using the Kimura two-parameter formula to correct for multiple substitutions of equivalent nucleotides. Previously reported
Alphavirus strains used in this study were listed in Table 2 and their complete sequences were deposited in GenBank.
RESULTS
Virus identification
After propagation of the viruses, the infectious titer of each isolate was calculated as a tissue culture infectious dose 50 (TCID 50 ). The titers were 1 × 10 7.5 TCID 50 / ml for QIAG9301, 1 × 10 7 TCID 50 / ml for QIAG9302 and 1 × 10 7 TCID 50 / ml for QIAG9303. The morphology and morphogenesis of QIAG93 isolates were evaluated using negative staining electron microscopy. In this study, the changes were observed in mock-infected cells (Fig. 1F) . In addition, developing virus particles were observed at the cell membrane, indicative of the terminal stage of the GETV replication cycle.
PCR Amplification
Viral RNA was extracted from cell culture supernatants, and cDNA of the structural polyprotein gene was synthesized using each individual RNA extract as a template. The sequential series of overlapping genes was amplified by PCR using five primer sets ( Table 1 ). The amplified DNA fragments were cloned into a plasmid vector for sequencing.
The primers GE1 to GE5 resulted in amplification of products of 990, 1,030, 990, 880 and 490 bp, respectively (Fig.   2 ). The amplified DNA fragments appeared as single bands after electrophoresis and ethidium bromide staining, sug- GE2F  TGG CCA TTG TCC TGG GAG GG  8221~8240  1030  GE2R  GGG ACA AAC GAG GAG GTG TAC  9230~9250   GE3F  CGT GGG CAC CAC CAG TAG CG  9143~9162  990  GE3R  GGT GAT GGC ACG ACT GTC TTG  10124~10144   GE4F  CTC CCC GAT GAC CCT ACA GC  10043~10062  880  GE4R  TCG CGA TCC CGC CGA AGT CC  10901~10920   GE5F  GGA CAT CCC GGA CAC CGC GT  10811~10830  490  GE5R CAA GCC TCC CGG AAT GCG GC 11281~11300 Figure 2 . Amplification of the structural polyprotein gene of the GETV QIAG93 isolate with a specific primer set (see Table 1 ). Lanes 1 to 5, PCR products amplified using the respective GE1, GE2, GE3, GE4, and GE5 primer sets. Lane M, 100 bp DNA ladder. Use of the GE1 to GE5 primer sets resulted in amplification of products with sizes of 990, 1,030, 990, 880 and 490 bp, respectively. gesting that the three isolates were homogenous with respect to the structural polyprotein gene. In addition, the full length of the structural polyprotein gene of each QIAG93 isolate (QIAG9301, QIAG9302 and QIAG9303) was identical in size, comprising 3759 nucleotides that encoded 1253 amino acids.
Sequence analysis
Multiple sequence alignment was conducted using the nucleotide sequences of the structural polyprotein genes to identify sequence similarities between QIAG93 isolates and other Alphavirus strains ( Table 2 ). As shown in Table 3 
Phylogenetic analysis
Phylogenetic relationships between QIAG93 isolates and other Alphavirus species were analyzed using the structural polyprotein gene and a variety of computational approaches.
The phylogenetic relationships among virus strains were depicted as a neighbor-joining tree (Fig. 3) . A similar phylogeny was found by maximum-parsimony analysis. In the neighbor-joining tree, monophyletic sister groups that had bootstrap values > 70% were chosen. To better understand the phylogenetic relationships among virus strains, the GETV strains were classified into three sister groups rooted at GETV MM2021. However, in our phylogeny, the Russian Phylogenetic relationships between QIAG93 isolates and other Alphaviruses within the Semliki Forest antigenic complex. Phylogenies were assessed on the structural polyprotein gene using neighbor-joining methods. A bootstrap method with 1,000 replicates was applied in this analysis to evaluate the reliability of the inferred phylogenetic tree. In the neighbor-joining tree, the monophyletic sister groups that had bootstrap values > 70% were chosen. The GETV strains were classified into three sister groups rooted at GETV MM2021. and the RRV Alphavirus M1 strain. A further feature of the neighbor-joining tree was that the SAGV strain was grouped into a distinct branch of GETV strains, which was also rooted from the GETV MM2021 strain. The CHIKV 0611aTw strain appeared as an out-group in this analysis.
To evaluate the evolutionary relationships between QIAG93 isolates and other virus strains, evolutionary distances (EDs) were calculated using MEGA software, version 5.05. As shown in Table 3 
DISCUSSION
Virus taxonomy is a useful approach not only for identifying newly discovered virus species but also, and more importantly, for enhancing our understanding of known viruses. Classification of viruses into hierarchical taxa, including species, genera and families, is based mainly on morphology, nucleic acid sequences, and the pattern of viral replication. Other biological, physicochemical and serological properties are also important in identification and classification of individual virus strains within any given taxon (31) .
In the present study, we characterized QIAG9301, QIAG-9302 and QIAG9303 using various taxonomic approaches to achieve more precise classification and subgrouping. (32, 33) . Negatively stained QIAG93 isolate particles in our electron micrographs were roughly circular in shape with a diameter of 50~70 nm ( Fig. 1A and 1B) . The virus particles consisted of an outer membrane, the envelope, and an inner core consisting of a nucleoid coated by an outer membrane with projections.
These features are similar to the morphological features of SFV (32) . SFV is closely related to CHIKV, GETV, and Mayaro Alphaviruses (34) . It is thus suggested that the QIAG93 isolates can be classified as tentative members of the Alphavirus family in the Semliki Forest complex.
Since viruses have relatively simple genomes and high multiplication rates, they are subject to more rapid evolutionary changes. Even a single point mutation can lead to dramatic changes in virus phenotype, which may positively or negatively affect progeny and alter the direction of viral evolution (35, 36) . In general, the percentage of sequence divergence is correlated inversely with serologic crossreactivity (12, 15) . To assess the evolutionary history and mechanisms of the emergence of QIAG93 isolates, a sequence analysis of the structural polyprotein gene, including the C, E3, E1, 6K and E2 domains, was conducted (Table 2 ). The sequence analysis showed that the QIAG9301 isolate shares >99% sequence identity with the QIAG9302 isolate, and the GETV South Korea, GETV HB0234, GETV YN0540 and GETV LEIV17741MPR strains. Among them, the GETV South Korea and Chinese GETV YN0540 strain showed the highest sequence similarity with the QIAG9301 isolate. The QIAG9302 isolate exhibited high sequence similarity with the QIAG9301 (99.7%) and QIAG9303 (99.7%) isolates. In addition, the GETV South Korea and Mongolian GETV LEIV17741MPR strains also exhibited >99% sequence identity with the QIAG9302 isolate. Other than the QIAG9301 and QIAG9302 isolates, only the Mongolian GETV_LEIV17741MPR strain showed high sequence similarity with the QIAG9303 isolate (99.3%). Viruses within a given antigenic complex are genetically more closely related than viruses in different complexes (15) . Therefore, to determine the extent of relatedness of the QIAG93 isolates to other Alphavirus species, the SAGV, RRV Alphavirus M1 and CHIKV 0611aTw strains were subjected to sequence analysis ( Table 2 ). The QIAG93 isolates shared 97.4% and 98.6% sequence similarities with SAGV and the RRV Alphavirus M1 strain, respectively. In contrast, the CHIKV 0611aTw strain exhibited 37.6% nucleotide sequence similarity with the QIAG93 isolates, despite the fact that they are the closest serological relatives of GETV.
Phylogenetic trees constructed by sequence analyses and evolutionary distance (ED) estimations based on the structural polyprotein gene sequences showed that the QIAG-9301 isolate (clade B), and QIAG9302 and GETV QIAG-9303 isolates (clade A) are classified into different sister groups (Fig. 3) . In clade B, the QIAG9301 isolate was located in close proximity to GETV South Korea and the GETV HB0234 and GETV YN0540 strains, forming a distinguishable branch. In clade A, the GETV QIAG9302 isolate was located in close proximity to the QIAG9303 isolate and the GETV Kochi/01/2005 and GETV LEIV 17741 MPR strains, also forming a distinguishable branch.
These results suggest that the QIAG9301 isolate is more closely related to GETV South Korea (ED value 0.001) and GETV YN0540 (ED value 0.007) than are the QIAG9302 and QIAG9303 isolates. Both QIAG9302 and QIAG9303 are genetically closely related to the Mongolian GETV LEIV17741MPR strain, as suggested by their very short evolutionary distances (mean ED value, 0.0065). As shown in Table 2 , the GETV isolates in clades A and B exhibited greater evolutionary distances from the original Malaysian GETV strain (range, 0.044~0.054). In contrast, the evolutionary distances among them ranged from 0.001 to 0.018.
Taken together, our findings suggest that the GETV strains in clades A and B have been evolving slowly and circulating extensively in Northeast Asia since their transmission from Malaysia. In addition, the evolutionary mechanism of GETV strains is more closely correlated with their geographical separation than epidemiological features, such as infection outcome and year of isolation.
Taken together, our findings suggest that the QIAG93 isolates are considered to be GETV strains because their morphological and genetic features are in agreement with previously reported biological features of GETV. Therefore, our findings will be valuable for molecular epidemiological analyses of GETV in Korea and contribute to further study of the pathogenicity of QIAG93 isolates in animals. Furthermore, use of our data to facilitate development of a vaccine to prevent GETV infection would benefit the horse and pig industries.
